ABSTRACT: 6061 aluminum alloy was welded by fiber laser beam welding. The microstructure and mechanical properties of welded joints were analyzed. The results show that the microstructure distribution of welded joints is inhomogeneous and the mechanical properties in different zones of joints are non-uniform. Fine columnar microstructure is formed near the fusion line and the fine equiaxed grains distribute in the center of the weld. The weld is consisted of α-Al matrix phase and (α-Al + Si) eutectic structure. Microhardness of the weld metal is lower than that of the base metal. Tensile test indicate that the fracture of all welded joint occurs near the fusion line, and the ultimate tensile strength of the joints may reach about 80% of the base metal. Fractography of the weld joints is found to be dimple, which means that the fracture feature is ductile. Suitable heat treatment after welding can improve the combined mechanical properties of the joints.
INTRODUCTION
With advantages of moderate strength, high corrosion resistance, well formation and processing properties, 6061 aluminum alloy has been widely applied in areas of the aerospace industry.
Compared with conventional welding, the laser beam welding is more suitable to the aluminum alloy, due to its advantages of high energy density and welding speed, low heat input and thermal damage, and low residual stress. Recently, the fiber laser is developed rapidly, which has better light beam quality and brightness 2 than the other types of laser, such as YAG laser and CO 2 laser. Meanwhile, the fiber laser has high light beam reliability and conversion ratio of electricity and light, which is increased to 25%～30%. Therefore, the fiber laser beam welding can obviously reduce heat effect and structural distortion by increasing the welding speed. It also can increase structure adaptability of laser beam welding by mobile operation in large scale structure field. In recent years, the weldability of the aluminum alloy by using YAG laser or CO 2 laser is widely studied, however, the studies about fiber laser beam welding are relatively limited. Therefore, the microstructure and mechanical properties of 6061 aluminum alloy welded by fiber laser beam welding are studied systematically. Section 2 describes the welding experimental, including preparation before welding, welding condition and the testing analytical 764 methods after welding. Section 3 analyses and discusses the characteristics of the typical joint with good quality by fiber laser beam welding, which include microstructure, microhardness distribution, tensile properties and fractography. At last, some conclusions are obtained in section 4.
EXPERIMENTAL
The 6061-T651 aluminum alloy sheet was used. Its chemical compositions are shown in table 1.
The size of workpieces is 250mm×100mm×2.5mm. The surfaces of the workpieces were cleaned by chemical method before welding. The experiments have been carried out by the welding system which is based on high power fiber laser. The laser type is ytterbium laser system YLS-5000, which is manufactured by IGP Photonics Company. The laser beam wavelength is 1.06μm. The normal output power of the laser is 5kW. The laser beam is transferred through fiber to the workpiece after being reflected and focused by lens. The focal distance of the focus lens is 160mm, and the focused spot diameter is Φ0.28mm. The axle direction of the laser beam leans 10° to the normal direction of the workpiece. The workpiece is static, and the laser head is driven by a six-axis robot to realize the welding. The high temperature zone is protected by argon during the welding. The gas flow of back protection is 20L min , and the tensile load is 10kN. In addition, microhardness of the joint are measured on hardness tester (HXD-1000) at room temperature by holding a test load of 0.2N for 15s.
The distance of adjacent test points is 0.2mm. The microstructure of the joint is observed by OLYMPUS PMG3 optical microscope. The alkali solution with 2～3% NaOH is used to corrode the metallographic specimen. The tensile fractography is observed by HITACH1 S-3500 scanning electron microscope (SEM).
RESULTS AND DISCUSSION

Microstructure of welded joint by fiber laser beam welding
During the fiber laser beam welding, the crystallization of the molten pool includes grain nucleation and growth. Due to the liquid metal of the molten pool is always in an overheat state, the spontaneous nucleation is difficult, and heterogeneous nucleation is the chief solidification mode of liquid metal. The unmelted grains surface at edge of the molten pool and unmelted suspending particles in the center of the molten pool provide good nucleation condition to the liquid metal. The joint with good quality was welded by fiber laser beam welding. The evaluation criterion is the inner quality of the weld and the surface appearance of joint. The former is measured by Xray, and the latter is evaluated by amplifying lens and eyes. Based on previous experiments of (b) Fusion line (c) (a) welding processing and above evaluation criterion, the optimized welding parameters with the welding speed of 6m min -1 and laser power of 4.5kW are chosen for butt-joints. In general, the joint with good quality is obtained easily by using the optimized welding parameters. The crosssection macrograph of joint with good quality is shown in Fig. 2 . The microstructures of different zones of joint are shown in Fig. 3 . The grains geometry of base metal is regular. The microstructure of the base metal is consisted of α-Al and strengthening phases Mg 2 Si. The heataffected zone (HAZ) and fusion zone are very narrow. The HAZ is located in left side of the fusion line, and the fusion zone is located in right side of the fusion line, shown in Fig. 3(b) . The fiber laser beam welding has the advantages of high welding speed and low heat input, which causes that the solidification speed of the liquid pool is also fast. Therefore, the microstructure of the weld bead is finer than that of the base metal and presents hypoeutectic characteristic. The hypoeutectic microstructure is primary α-Al and fine (α-Al + Si) eutectic structure.
Microhardness of welded joint by fiber laser beam welding
Microhardness distribution of the joint by fiber laser beam welding is shown in Fig. 4 . Because of the advantages of fiber beam laser welding, the overaging time of the HAZ is very short. Moreover, the HAZ is very narrow, which cause that the microhardness value of the weld zone reduces slightly. The microstructure of the base metal includes mass of fine strengthening Mg 2 Si phases, and those phases present characteristic of dispersion distribution. So the microhardness value of base metal is higher than that of the other zones. 3.3 Tensile properties of welded joint by fiber laser beam welding formation of the weld zone is uniform under the same external force. And the deformation extent is larger than that of the fusion zone during the tensile testing. Meanwhile, the crack is not easy to initiate and propagate in the fine grains. Because the mass of energy is absorbed during breaking, the weld bead presents high toughness. Therefore, the fine microstructure of the weld zone is helpful to improve the mechanical properties of the joints by the fiber laser beam welding. In order to obtain the joints with better properties, reasonable heat treatment can be carried out after welding
The typical tensile fractography of joints welded by the fiber laser beam welding is shown in 2. The tensile strength of the joint welded by fiber laser beam welding could reach about 80% of the base metal's strength. The tensile fracture feature is typical ductile rupture. The dimples are very fine and uniform. The HAZ is very narrow, and the microhardness value of the weld zone is lower than that of the base metal.
